Association between molecular, physiological, and chemical changes during developmental stages of 'Camarosa' strawberry were investigated. Fruit were evaluated for flesh firmness, L-ascorbic acid, total phenolic content and volatile compounds, antioxidant capacity, and transcript accumulation of putative genes: expansin (Exp), pectate lyase (PL), pectin methylesterase (PME), polygalacturonase (PG), b-galactosidase (b-Gal), phenylalanine ammonia lyase (PAL), anthocyanidin synthase (ANS), L-galactose dehydrogenase (LGalDH) and L-galactono-1,4-lactone dehydrogenase (GLDH), alcohol dehydrogenase (ADH) and alcohol acetyl transferase (AAT). Flesh firmness reduction was correlated with an initial increase in Exp2 and Exp5, as well as PLa and PLb transcript accumulation, followed by increases in transcript accumulation of PME, PG, PLc, and b-Gal. A reduction in the antioxidant potential was associated with a decrease in ferulic acid, caffeic acid, (+)-catechin, (À)-epicatechin, quercetin and kaempferol content.
Introduction
Strawberry (Fragaria x ananassa Duch.) is one of the most appreciated fresh fruit, particularly for its combined attractive appearance and flavour. While relatively rich in nutritional and functional compounds (Salentijn, Aharoni, Schaart, Boone, & Krens, 2003) , a range of genetic and environmental factors promote quantitative and qualitative variation of these traits (Cordenunsi et al., 2005; Folta & Davis, 2006) . For most fruit, chemical composition changes during maturation (Folta & Davis, 2006) . In the case of strawberry, fruit development is characterised by an increase in fruit size, colour change from green to white to red, evolution of aroma volatiles and reduction in flesh firmness. Fruit softening upon harvest constitutes an impediment for marketability, and it has been associated with proteins involved in cell wall solubilization, such as expansins, pectin methylesterases, polygalacturonases, pectate lyases, b-galactosidades, a-L-arabinofuranosidases, endo-(1,4)-b-D-glucanases, b-xyloxidases, xyloglucanases, endotransglucosilases and endo-mannanases (Benítez-Burraco et al., 2003; Redondo-Nevado, Moyano, Medina-Escobar, Caballero, & Munõz-Blanco, 2001; Salentijn et al., 2003; Trainotti, Spinello, Piovan, Spolaore, & Casadoro, 2001 ). However, the exact mechanism involving these proteins and fruit firmness reduction is not completely understood (Folta & Davis, 2006; Redondo-Nevado et al., 2001; Salentijn et al., 2003) . Another important change that occurs during maturation, involves anthocyanin biosynthesis which is derived from the shikimic acid pathway in the plastids (Barsan et al., 2010) and completed in the cytosol with participation of phenylalanine ammonia lyase (PAL) and anthocyanidin synthase (ANS) (Almeida et al., 2007) . In addition to anthocyanins, other phenolic compounds such as gallic acid are also synthesized in the cytosol and are present in significant amounts in vacuoles (Russell, Labat, Scobbie, Duncan, & Duthie, 2009) .
Strawberry is a well known source of L-ascorbic acid (AA) and its oxidation product, dehydroascorbic acid, which are both active in oxidative stress reactions (Nascimento, Higuchi, Gómes, Oshiro, & Lajolo, 2005) . Wheeler, Jones, and Smirnoff (1998) proposed a pathway for the biosynthesis of AA in plants from glucose-6-phosphate that includes L-galactose oxidation by L-galactose dehydrogenase (LGalDH), which supplies a substrate for L-galactono-1,4-lactone dehydrogenase (GLDH), the last enzyme involved in this pathway.
Strawberry volatiles, responsible for its typical aroma (Aharoni et al., 2000; Folta & Davis, 2006) , are compounds resulting from the esterification of alcohols and have amino acids, fatty acids and carotenes as precursors. Biosynthesis of esters has been extensively studied in melon, apple and strawberry (Aharoni et al., 2000; Lucchetta et al., 2007; Souleyre, Greenwood, Friel, Karunairetnam, & Newcomb, 2005) . The key enzymes in this pathway are alcohol dehydrogenases (ADHs) that act in reducing aldehydes to alcohols, and alcohol acyltransferases (AATs) that act during the final step of esterification. ADH2 was identified as the major gene encoding the alcohol dehydrogenase enzyme responsible for ester production during tomato fruit maturation (Longhurst, Tung, & Brady, 1990) . Three AAT genes (AAT1, AAT3 and AAT4) have been characterised in melon and are known to have increased expression during maturation (Lucchetta et al., 2007) . In apple, AAT1 is highly associated with the production of esters (Souleyre et al., 2005) . In strawberry, Aharoni et al. (2000) characterised an AAT enzyme associated with the production of esters typical of strawberry aroma, such as ethyl butanoate and ethyl hexanoate.
In this study, relative transcript accumulation levels of a set of 14 genes previously found to be associated with cell wall solubilization, phenolic compounds, ascorbic acid and esters biosynthesis, were evaluated along with metabolite production in order to correlate gene products and physiological responses of key pathways during developmental stages of strawberry cultivar Camarosa.
Material and methods

Plant material
Strawberry fruit (Fragaria x ananassa Duch.), cv. Camarosa, were harvested from a commercial plantation located in Pelotas (Rio Grande do Sul State, Brazil), at five developmental stages based on fruit colour and weight: 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2). From each developmental stage three experimental units of approximately 60 strawberries were collected. Half of an experimental unit was immediately utilised for firmness determination and the remaining was frozen and stored at À80°C for further analysis.
Analyses
Firmness
Firmness was measured using a texture analyser (Texture Analyzer, TA.XT plus, Stable Micro Systems Texture Technologies) fitted with a 2 mm (diameter) flat probe. Each fruit was penetrated 50% at a speed of 1.0 mm s À1 and the maximum force developed during the test was recorded. Three measurements were taken per fruit at different points of the equatorial zone and 30 berries at each stage were assayed. Results were expressed in Newtons (N).
Total anthocyanin
Total anthocyanin content was determined according to the method described by Lees and Francis (1972) . One gram of strawberry ground to a powder in liquid nitrogen was suspended in 25 ml of acidic ethanol (0.01% HCl), for 1 h in the dark. Absorbance readings were performed in a spectrophotometer at 520 nm. Anthocyanin content was expressed as mg of cyanidin-3-glucoside per 100 g of fruit fresh weight (fw).
Total phenolics
Total phenolic compounds were determined using the FolinCiocalteau reagent. One gram of ground flesh was suspended in 60 ml of deionized water and 5 ml of Folin-Ciocalteau reagent. After eight minutes, the solution was neutralised with 20 ml of a saturated sodium carbonate solution and kept in the dark for 2 h. Absorbance was measured at 725 nm and results were expressed as mg of gallic acid equivalents per 100 g of fruit fw (mg GAE 100 g À1 fw).
Ascorbic acid (AA)
Ascorbic acid was measured using a reverse-phase HPLC (highperformance liquid chromatography), according to Vinci, Botre, Mele, and Ruggieri (1995) . Total AA was extracted with metaphosphoric acid (1% w/v) and analysed in a Shimadzu HPLC system, using a Shim-Pak CLC-ODS column (3.9 cm Â 150 mm Â 4 lm), coupled to a UV SPD-10AV detector. The mobile phase consisted of 0.1% acetic acid in water (A), and methanol (B). An elution gradient started at 100% A, then linearly reduced to 98% of A and 2% B after five minutes; then held for two minutes and returned to the initial conditions at ten minutes. Flow rate was 0.8 ml min À1 and the detector was set at 254 nm. Quantification was based on an external standard calibration curve using L-(+)-ascorbic acid (SigmaAldrich). Results were expressed as mg of AA 100 g À1 of fruit fw.
Individual phenolic compounds
Determination of gallic acid, q-hydroxybenzoic acid, q-coumaric acid, ferulic acid, caffeic acid, (+)-catechin, (À)-epicatechin, quercetin and kaempferol was performed according to Hakkinen, Karenlampi, Heinonen, Mykkanen, and Torronen (1998) . Phenolic compounds were extracted and hydrolysed from 5 g of ground fruit using acidified methanol (35 ml). The extract was stirred in the dark at 35°C for 24 h, then filtered (Millipore membrane 0.22 lm) and analysed by reverse-phase HPLC in the same system described earlier (for the AA analysis). The mobile phase was composed of A -acidified water (1% acetic acid v/v) and B -100% methanol. The elution gradient started at 100% A; then linearly went to 60% A at 25 min; held for 2 min; then 95% A at 37 minutes; held for 5 min; and back to the initial conditions. Flow rate was 0.9 ml min À1 , and column temperature was kept at 25°C. Quantification was based on external standard calibration curves for gallic acid, q-hydroxybenzoic acid, q-coumaric acid, ferulic acid, caffeic acid, (+)-catechin, (À)-epicatechin, quercetin and kaempferol (Sigma-Aldrich) and results were expressed as mg 100 g À1 of fruit fw.
Antioxidant capacity
The antioxidant capacity was determined using the ABTS assay based on the method described by Re et al. (1999) . ABTS radical cation (ABTSÅ + ) was produced by reacting 7 mM ABTS solution with 2.45 mM potassium persulphate and allowing the mixture to stand in the dark at room temperature for 16 h. The ABTSÅ + solution was then diluted with ethanol until absorbance measured at 734 nm was 0.70 ± 0.02. After addition of 10 ll of sample or Trolox (0-1.5 mM) standard to 990 ll of diluted ABTSÅ + solution, absorbance at 734 nm was measured at exactly 7 min. Results were expressed as trolox equivalent antioxidant capacity (TEAC).
Ester volatiles
Six major ester volatiles typical of strawberry flavour were identified by GC-MS (Shimadzu QP-5000) and quantified by GC (Varian 3800; Palo Alto, CA, USA) equipped with flame ionisation detector (FID). All extractions were performed manually using 0.75 lm carboxen-PDMS SPME fibers (Supelco, Bellefonte, PA, USA). A two gram fruit sample, spiked with 2 ll of an internal standard solution, was placed in a 16 ml vial and volatiles were collected using a headspace collection mode (with a distance from the liquid surface of 20 mm) at 30°C for 15 min (equilibrium) and 45 min under stirring. After extraction, the SPME device was introduced in a splitless mode and was thermally desorbed for one minute. The capillary column was a DB-5 (30 m Â 0.25 mm i.d. Â 0.25 lm; J&W Scientific, Folson California, USA). Helium was used as a carrier gas at a flow rate of 1.0 ml min
À1
. The injector and detector temperatures were both set at 280°C. The temperature program started at 35°C (held for 10 min) and ramped to 210°C at 1°C min À1 , then held for 10 min. Volatile compounds were identified using a quadrupole mass selective detector. Mass spectral ionisation was set at 180°C. The mass spectrometer was operated in the electron ionisation mode at a voltage of 70 eV. Volatile components were identified by comparing a private library spectra, built with chemical standards, and the spectral library (NIST 98 /EPA/ MSDC 49 K Mass Spectral Database, Hewlett-Packard Co., Palo Alto, CA, USA). When available, MS identifications were confirmed by comparing GC retention times with pure standards.
RNA isolation, RT-PCR and Real-Time PCR
Total RNA was extracted according to manufacturer's instructions (Pure Link, Invitrogen Ò ). For RT-PCR, DNase-treated RNA (2 lg) was reverse transcribed in a total volume of 20 ll using Omniscript Reverse Transcription Kit (Qiagen, Valencia, CA, USA) and then PCR was performed using 2 ll of cDNA in a 25 ll reaction volume using SYBR GREEN PCR Master Mix (PE-Applied Biosystems, Foster City, CA, USA) on an ABI PRISM 7500 sequencedetection system. Primer Express software (Applied Biosystems) was used to design gene-specific primers (Table 1) Aharoni et al., 2000) . Optimal primer concentration was 50 nM. Real time-PCR conditions were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 1 min, 72°C for 1 min, and one cycle 72°C for 5 min. Samples were run in triplicate on a 96-well plate. For each sample, a C t (threshold cycle) value was calculated from the amplification curves by selecting the optimal DRn (emission of reporter dye over starting background fluorescence) in the exponential portion of the amplification plot. Relative quantitation (RQ) was calculated based on the comparative C t method (Livak & Schmittgen, 2001 ), using b-actin (Almeida et al., 2007) as an internal standard.
Statistical analysis
All experiments were done in triplicate. Data was analysed using analysis of variance (ANOVA) and means comparison using Tukey's test at P 6 0.05 using SAS.
Results and discussion
Flesh firmness and transcript accumulation of cell wall associated genes
Transcript accumulation of Exp2 and Exp5, and of genes encoding enzymes acting in cell wall disassembly (PLa, PLb, PLc, PME, PG and b-Gal) was monitored in order to understand the role of these putative genes during the development of strawberry. Firmness decreased over time during fruit development; descending from 26.5 N at stage 1 (green, 3.0 g ± 0.9) to 2.7 N at stage 5 (red, 16.2 g ± 1.2) (Fig. 1A) . The greatest reduction in flesh firmness occurred in the transition from stage 2 to stage 3, when it went from 23.7 N to 6.9 N. This decline was expected and widely documented due to the action of cell wall degrading enzymes (Civello et al., 1999; Ferreyra, Vinã, Mugridge, & Chaves, 2007; Salentijn et al., 2003; Trainotti et al., 2001 ). The highest transcript accumulation of Exp2 and Exp5 occurred in stages 1 and 2 (Fig. 1B and C) , while the fruit was immature and flesh firmness was high (Fig. 1A) . Expansins, non-enzymatic proteins, are known to act during early stages of fruit development in the process of cell wall polysaccharide solubilisation (Civello et al., 1999; Harrison et al., 2001 ). Therefore, the high transcript accumulation prior to fruit softening confirmed Exp2 and Exp5 as precursors in the softening process in strawberries (Civello et al., 1999; Harrison et al., 2001 ). Transcript accumulation of PLa and PLb was also high at early stages of fruit development (1 and 2) and followed a down-regulation when fruit were turning red ( Fig. 1D and E) . On the other hand, PLc transcripts accumulated at higher levels during strawberry maturation (stages 4 and 5) (Fig. 1F) . Probably, PLa and PLb are associated with cell division processes while PLc is involved in cell wall disassembly during fruit maturation. PME (Fig, 1G) and PG (Fig. 1H ), known to be involved in fruit softening (Castillejo et al., 2004; RedondoNevado et al., 2001) , had high transcript accumulation after stage 3, which means that their transcript level during stage 2, although lower than the following stages, was enough to induce softening, or that the dramatic decline in firmness was not entirely dependent on these two genes. b-Gal transcript accumulation was relatively low, apart from stage 5 (fully ripe stage) (Fig. 1I) . Trainotti et al. (2001) characterised three b-Gal genes; Faßgal1, expressed during maturation, and Faßgal2 and Faßgal3 expressed in green fruit and other tissues. In the current work, b-Gal primers corresponded to Faßgal1, which encode an enzyme acting on galactose, generated from pectin hydrolysis. This way, higher transcript accumulation of b-Gal was expected in an advanced maturation stage, when higher concentration of pectin hydrolysis products is present. Generated from PME and PG action, pectin hydrolysis products serve as substrate for b-galactosidases demonstrating a coordinated process, in which, peaks of transcription occur in order: first Exp2, Exp5, PLa and PLb, then PLc, PME and PG, then b-Gal.
Phytochemical content and transcript accumulation of associated genes
Total anthocyanin content increased significantly (P 6 0.05) with fruit development reaching 23.4 mg 100 g À1 during stage 5 ( Table 2 ). The onset of red colour was correlated with an increase in total anthocyanin content, as expected. The highest total phenolic content was observed during stage 1 (965.5 mg GAE100 g À1 ) and its levels dropped at stage 2 (628.2 mg 100 g À1 ), then increased over time reaching 752 mg GAE100 g À1 during stage 5. During stage 1, phenolic content was high, possibly due to the presence of hydrolysable tannins and lignin, which over time became less reactive and influenced the lower antioxidant potential of the fruit during maturation (Table 2) . Both PAL, an encoding enzyme responsible for the synthesis of various phenolic compounds, and ANS, an encoding enzyme in the anthocyanin pathway utilising PAL products (Almeida et al., 2007) , had low transcript accumulation during the first developmental stages, reached a maximum transcript accumulation during stage 4, and had a decline during stage 5 ( Fig. 2A and B) . The observed rise in total phenolics during stage 3 was accompanied by an increase in transcript accumulation of PAL, as well as, the increase in total anthocyanin content during stage 3 was accompanied by an increase in transcript accumulation of PAL and ANS.
L-Ascorbic acid levels also increased significantly (P 6 0.05) during the fruit development, going from 22.1 mg 100 g À1 during stage 1 to 42.0 mg 100 g À1 during stage 5 (Table 2 ). This increase was associated with transcript accumulation of LGalDH and GLDH, involved in ascorbic acid biosynthesis, that increased over time reaching a maximum accumulation during stage 5 (Fig. 2C and  D) .
LGalDH and GLDH encode enzymes that can also utilise degradation products derived from the action of PL, PME, PG, and b-Gal as substrate, constituting a secondary route to ascorbic acid production. This explains, at least in part, the rise in ascorbic acid concentration during maturation (Table 2) . Intriguingly the increase in ascorbic acid content over time was inversely correlated with fruit antioxidant capacity.
When evaluating the content of individual phenolic compounds, only gallic, q-hydroxybenzoic, and q-coumaric acid increased significantly (P 6 0.05) with fruit development. Gallic and transcript accumulation of cell wall associated genes (Exp2 -B, Exp5 -C, PLa -D, PLb -E, PLc -F, PME -G, PG -H, b-Gal -I) of 'Camarosa' strawberry throughout developmental stages 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2). DDCt relative to developmental stage based on fruit colour and weight 1, normalised against b-actin expression. Vertical bars represent standard error of the mean (n = 3).
Table 2
Total anthocyanins, total phenolics, and ascorbic acid content and antioxidant capacity of 'Camarosa' strawberry during developmental stages based on fruit colour and weight 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2). acid was not detected during stage 1, but was the predominant phenolic compound during stage 5, possibly due to hydrolysis of soluble tannins releasing gallic acid. Ferulic and caffeic acid, (+)-catechin, (À)-epicatechin, quercetin, and kaempferol contents declined with development (Table 3) . Individual phenolic compounds evaluated here made up 10% of total phenolics during stage 1, and 47% during stage 5. Differences in the levels of phenolic compounds could be attributed to the presence of other phenolic compounds belonging to subgroups not investigated or not detected by the analytical method employed here. Russell et al. (2009) found higher levels of gallic acid, followed by q-coumaric acid, q-hydroxybenzoic, caffeic acid and ferulic acid, in strawberry cv. Elsanta, similar to the results observed here. Antioxidant potential had a significant (P 6 0.05) reduction during strawberry development (Table 2) , along with the decrease in (+)-catechin, (À)-epicatechin, quercetin, and kaempferol contents (Table 3 ). This data suggests that antioxidant potential measured by ABTS was more closely associated with a specific fraction of phenolic compounds and less with anthocyanins and ascorbic acid, since they had an opposite correlation with the antioxidant capacity (Table 2) . Ferreyra et al. (2007) also observed higher antioxidant activity during the initial maturation stages of strawberry cv. Selva. LGalDH -C and GLDH -D) and ester volatiles (ADH -E and AAT -F) during developmental stages based on fruit colour and weight 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2) of 'Camarosa' strawberry. DDCt is relative to developmental stage 1, normalised against b-actin expression. Vertical bars represent standard error of the mean (n = 3).
Stages
Table 3
Content of individual phenolic compounds (mg 100 g À1 of fruit fw) in 'Camarosa' developmental stages based on fruit colour and weight 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2). Fig. 3 . Relative content of esters volatiles of strawberry cv. Camarosa during developmental stages based on fruit colour and weight 1 (green, 3.0 g ± 0.9), 2 (white, 8.6 g ± 0.5), 3 (50% red, 14.2 g ± 0.7), 4 (75% red, 16.6 g ± 1.0) and 5 (red, 16.2 g ± 1.2). Vertical bars represent standard error of the mean (n = 3).
Stages
The reduction in antioxidant capacity can be in part explained by the decrease in caffeic acid levels; since this phenolic acid has been shown to possess high antioxidant potential (Marinova & Yanishlieva, 1992 ). In addition, Tabart, Kevers, Pincemail, Defraigne, and Dommes (2009) observed a higher antioxidant potential from catechins, such as gallocatechin and epigallocatechin, in comparison to other phenolic compounds or ascorbic acid.
Ester volatiles and transcript accumulation of associated genes
Enzymes corresponding to ADH and AAT act in a coordinated process in the reduction of aldehydes to alcohols, as well as the transfer of an acetyl group from acetyl-CoA and an acyl group from acyl-CoA to the corresponding alcohols during the biosynthesis of ester volatiles (Aharoni et al., 2000) . Ethyl butanoate, ethyl acetate, and butyl acetate relative content increased during fruit development (Fig. 3) . The increase in the levels of ester volatiles was expected since the aroma of fruit tends to be enhanced during maturation (Folta & Davis, 2006; Pérez, Sanz, Olías, Ríos, & Olías, 1996) . Among other volatiles, methyl butanoate, 2-methyl butyl acetate, and hexyl acetate presented less variation throughout development. In agreement with Pérez et al. (1996) who observed an increase in AAT enzyme activity in strawberry cv. Oso Grande and Tudla during a maturation stage corresponding to stage 4 of the current experiment, the increase in ester production was accompanied by an increase in ADH and AAT transcript accumulation ( Fig. 2E and F) .
Conclusion
Collectively, results of the present study provide supporting evidence of a synchrony between transcription and physiological responses related to sensorial and nutritional changes in strawberry. In addition, these genes involved in cell wall polysaccharides solubilisation (Exp, PL, PME, PG, b-Gal), biosynthesis of phenolic compounds (PAL, ANS), ascorbic acid (LGalDH, GLDH) and aromas (ADH, AAT), emerge as candidate markers for postharvest studies associated with nutritional and sensorial quality changes.
